Ab initio calculations were performed for X ϩ (H 2 ) n clusters ͓XϭLi, Na (nϭ1 -7) and K (n ϭ1 -3)͔. For nϭ1 -6, the equilibrium geometries correspond to spherically symmetrical distributions of H 2 units around the X ϩ . The binding energies and the geometric parameters indicate that the seventh H 2 unit opens a new shell of ligands for the cluster with XϭLi but not for XϭNa.
I. INTRODUCTION
The theoretical studies on the protonated hydrogen clusters have concentrated at establishing the properties of such clusters in the gas phase. [1] [2] [3] [4] [5] The formation of these clusters may be viewed as resulting from the presence of an H 2 ϩ or H ϩ cations in an atmosphere of molecular hydrogen, where the following reactions may take place:
or H ϩ ϩmH 2 →͓H 3 ϩ ͔͑H 2 ͒ n ϩ͑mϪnϪ1 ͒H 2 .
͑1.2͒
These reactions produce an H 3 ϩ molecular ion that behaves as a Coulombian attractive center strong enough to keep several H 2 molecules attached to it. As we have discussed elsewhere, 1 the first three H 2 molecules bind to the H 3 ϩ in a special way, with some covalent character, not shared by the other H 2 molecules.
The protonated hydrogen clusters exhibit some of the basic characteristics present in other kinds of clusters. The presence of some atomic or molecular cation X ϩ in an H 2 environment gives rise to a positively charged core, resulting from the reaction of X ϩ with the nearby H 2 molecules, followed by a clustering of other H 2 molecules around this core. The structure of the central core as well as the way in which the H 2 molecules bind to it depend largely on the nature and electronic structure of the X ϩ cation, which can be as simple as Li ϩ or LiH ϩ6 or more complex structures such as CH 3 N 2 ϩ . 7 The aim of this work is to understand the effect of the simple alkaline atomic cations in a molecular hydrogen environment. To accomplish it we have performed ab initio calculations for the geometry, the energy and the thermochemical properties of the clusters originated by adding H 2 molecules, one at a time, to the cationic center. The studied cases are:
͑1͒ Li
ϩ (H 2 ) n (nϭ1 -7); ͑2͒ Na ϩ (H 2 ) n (nϭ1 -7); ͑3͒ K ϩ (H 2 ) n (nϭ1 -3).
Besides their intrinsic interest, these clusters can also be useful to understand some peculiar effects observed in the fragmentation of the hydrogen clusters. Recently, Gobet et al., 8 while performing collision experiments with H 3 ϩ (H 2 ) n clusters and He, have observed that the fragmentation of these clusters produces H 2 by means of two distinct mechanisms: One leading to the loss of one H 2 unit and the other leading to the simultaneous loss of all H 2 units, with approximately the same cross sections for both processes. However, the details of the mechanisms are not clear yet, in special the role played by the vibrational modes of the H 3 ϩ core in providing the energy needed for detaching the H 2 units. The fact that the X ϩ (H 2 ) n clusters present very simple cores, without internal vibrations, can be advantageous for understanding the details of those fragmentation processes.
These kinds of clusters have been studied theoretically 6,9-13 and experimentally 13, 14 by other authors, but, as far as we are aware, this is the first work in which a systematic investigation of the three first alkaline atoms as well as the first calculations for the clusters with more than four H 2 units are carried out.
II. METHOD AND LEVELS OF CALCULATION
Self-consistent-field ͑SCF͒ Hartree-Fock ͑HF͒ calculations have been performed for the X ϩ (H 2 ) n clusters, where X ϩ is an alkaline atomic cation. For all clusters we have used the 6-311G(d,p) polarized basis set. [15] [16] [17] Electronic correlation effects have been taken into account by means of second-and complete fourth-order Mo "ller-Plesset perturbation theory ͑MP2 and full-MP4͒. The fact that perturbation theory is size consistent in all orders was determinant for the choice of this method, since in order to conduct the thermochemical studies we have to compare the energy of clusters from different sizes. Our previous studies with H n ϩ clusters, in which we also have performed coupled cluster single a͒ Electronic mail: mbarbatti@uol.com.br double triple ͓CCSD͑T͔͒ calculations, have shown that the calculations performed at these levels of MPn converge adequately. 1 The search for the equilibrium geometries was accomplished by means of an improved quasi-Newton-Raphson procedure and quadratic energy surface approximation. 18 Due to the high flatness of the potential-energy surfaces, very fine criteria for geometry optimization were used: Maximum energy gradient lower than 10 Ϫ9 hartree/bohr and rms ͑root-mean-square͒ energy gradient lower than 1/3.10 Ϫ9 hartree/bohr. Since setting up the hessian matrices for the equilibrium geometry calculations demands a large computational effort, the geometries were optimized at the MP2 level of the theory, without symmetry restrictions. For each optimized geometry all the harmonic frequencies were verified to be real. At the MP2 optimized geometries for the most stable isomer, the energies were also computed at the full-MP4 level.
All the ab initio calculations have been performed using the PC GAMESS version 19 of the GAMESS ͑US͒ QC package.
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III. RESULTS
Differently from the H 3 ϩ (H 2 ) n clusters, for which the reactions 1.1 and 1.2 leading to the H 3 ϩ core formation take place, the Li ϩ , Na ϩ , and K ϩ cations are themselves the respective cores of the X ϩ (H 2 ) n clusters, which are formed through the reaction
͑3.1͒
From n equal one to six, the general structure for the global minimum of the clusters is independent of the core X ϩ , and the centers-of-mass ͑c.m.͒ of the H 2 molecules are distributed over a sphere around the X ϩ so as to maximize the distance among them ͑Fig. 1͒. Thus, for the cluster X ϩ (H 2 ) nϭ2 , the c.m. of the hydrogen molecules lay on a straight line (D 2d ), for nϭ3 on the vertices of an equilateral triangle (D 3 ), and for nϭ4, on the vertices of a tetrahedron (S 4 ). For nϭ5 the c.m. lay on the vertices of a trigonal bipyramid, three of them on the vertices of an isosceles triangle and the other two above and below the triangle plane (C 2v ). For nϭ6 the c.m. of the six hydrogen molecules stand on the vertices of an octahedron ͑T͒. The structure of the nϭ7 clusters will be discussed in the next section. To minimize the H 2 -H 2 interaction energy, the H 2 molecular axis tend to become perpendicular to each other. The X ϩ -H 2 distances, R X , keep approximately the same proportion, independently of n. Thus, R Li /R Na is about 0.83 ͑reaching 0.88 at nϭ6͒, R Na /R K is 0.78, and R Li /R K is 0.65.
The energy and the geometric parameters for all studied clusters are given in Tables I and II, respectively. The binding energies
and the enthalpy variation
where ⑀(T) stands for the ZPE ͑zero-point energy͒ ϩtemperature corrections, have been determined at the MP4 level of calculation. The zero-point energy ͑ZPE͒ corrections were calculated in the harmonic approximation 20 with the vibrational frequencies scaled by 0.9496. 21 The temperature corrections at 298.15 K were calculated assuming ideal behavior for all species, and by treating the translational, rotational and vibrational degrees of freedom classically. Both D e and ⌬H were corrected for the basis set superposition error ͑BSSE͒ by the counterpoise method of Boys and Bernardi. 22 For the Li ϩ and Na ϩ clusters, with nϭ2, 5, and 6, the BSSE is of order of 0.1 kcal/mol, while for the other this corrections amount do just 0.01-0.03 kcal/mol. For the three K ϩ core clusters studied, the BSSE corrections are of the order of 0.01 kcal/mol. Figure 2 shows the results for D e and ⌬H compared to the experiments and with other calculations. Table III shows the binding energies and enthalpy  variations and Table IV summarizes the results from the literature.
The energies of the molecular orbitals indicate, as expected, that the core electrons are more strongly bound than the electrons from the H 2 units. Therefore, we expect the main ionization channel to be
Assuming that the final fragments are in their ground states, the ionization potential is
The IP ͑ionization potential͒ ͑with BSSE corrections͒ for all X ϩ (H 2 ) n studied are given in Table V and Fig. 3 .
IV. DISCUSSION
A. The structure of the clusters
Since the electronic structure of the alkaline atomic cation is similar to that of the noble gas atoms, we expect it to be mainly a center of Coulombic field, to which the H 2 molecules are bound by some monopole/induced-dipole interaction, the covalent effects being of secondary importance. Actually, the electronic density of the X ϩ core is almost insensitivy to the presence of the H 2 molecule, as shown in Fig. 4 , and the electronic density of the isolated X ϩ and that of the X ϩ in a cluster are practically the same. As one may see from the geometric parameters ͑Table II͒, the X ϩ -H 2 distance is almost constant for a given X ϩ . The average X ϩ -H 2 distance is 2.0 Å for the Li ϩ (H 2 ) n clusters, 2.4 Å for the Na ϩ (H 2 ) n clusters, and 3.1 Å for the K ϩ (H 2 ) n clusters. At exactly these values of distance, the electronic density along the X ϩ -H 2 bond reaches its maximum for the respective clusters implying that the H 2 molecule always binds to the same electronic surface of charge, which in Fig. 4 seems to be 10 Ϫ7 electron/a 0 3 . For all the clusters studied, the theoretical results for ⌬H are in good agreement with the few experimental data available. As a general behavior, the binding energies (ϪD e ) decrease, as expected, with increasing n, which means that the cluster becomes less stable as more H 2 units are added to it. Contrary to this behavior, we observe a slight increase of the binding energy from the X ϩ (H 2 )(C 2v ) to the X ϩ (H 2 ) 2 (D 2d ) clusters, for all X ϩ . However, this behavior is reversed once BSSE are introduced and no anomalous stability should be expected in these cases. An increase in the binding energy is also observed from the X ϩ (H 2 ͒ 5 to the X ϩ (H 2 ͒ 6 clusters, and, for the case of Li ϩ core, this increase is large enough to be accounted for by BSSE, ZPE, and temperature corrections. In this case the lower stability presented by the nϭ5 cluster relative to the nϭ6 may be attributed to the fact that the symmetry of the first one (C 2v ) forces two of the H 2 units in the triangle plane to have their molecular axes parallel to each other. On the other hand, in the X ϩ (H 2 ͒ 6 cluster ͑T͒ the axes of any two neighbor H 2 units will be orthogonal, which minimize the interaction among them.
B. On shell effects
As previously discussed, 1 the binding of the first three H 2 molecules to the H 3 ϩ core in the H 3 ϩ (H 2 ) n clusters has some covalent character. Since the binding energy of the first three molecules is considerably larger than that of the other molecules attached to the core, we may consider the H 2 molecules as distributed in shells, the first one being occupied by three H 2 molecules. It also would be interesting to examine if such shell effects are also present in the X ϩ (H 2 ) n clusters under study. For the present clusters, attention must be drawn to the case of the Li ϩ ͑H 2 ͒ 7 . In fact, while the average Li ϩ -H 2 distance for the six H 2 units is around 2.1 Å, for the seventh H 2 unit this distance increases to 4.5 Å. This last H 2 unit also has great freedom to rotate around the internal cluster, and the several isomers that can be formed by these rotations differ among them by energies in order of 10 Ϫ5 hartree ͑2 cm Ϫ1 ͒. In the case of the Na ϩ ͑H 2 ͒ 7 cluster, the Na ϩ ͑H 2 ͒ 6 structure is deformed to lodge the new H 2 unit, that bounds at approximately the same distance from the Na ϩ as the other six H 2 units ͑2.5 Å͒.
Returning to the H 3 ϩ (H 2 ) n , we observed 1 that for these clusters the Mülliken charge in each atom is especially useful to determine the differences between the first and second shells. Unfortunately, for the X ϩ (H 2 ) n clusters, which have more than one kind of atom, the Mülliken partition can be deceiving.
When an extra H 2 molecule is bound to the X ϩ (H 2 ) nϪ1 to form a new cluster without strongly deforming the geometry of the original one, the binding energy of the cluster is close to the energy needed to bring the new H 2 from infinity to its position in the cluster. Thus, if this additional molecule occupies an external shell, this would be immediately reflected in the value of the binding energy, which will be considerably lower than the binding energy of the original cluster, supposedly with only first shell occupied. Therefore, if no strong deformation takes place upon the cluster formation, an abrupt reduction in the binding energy can be indicative of shell effects. The calculated binding energies show an abrupt decreasing from nϭ6 to nϭ7 for the Li ϩ (H 2 ) n as well as for the Na ϩ (H 2 ) n ͑Fig. 2͒. However, one should note that while the Li ϩ ͑H 2 ͒ 6 geometry is little deformed by the seventh H 2 , in the formation of the nϭ7 cluster, the Na ϩ ͑H 2 ͒ 6 undergoes strong deformations.
In the case of the Li ϩ core, bringing each one of the first six H 2 molecules from infinity to their position in the cluster reduces the energy of the system in 3.5 kcal/mol, which can be calculated by using Eq. ͑3.2͒ without optimizing the X ϩ (H 2 ) nϪ1 geometry. Bringing the seventh molecule, however, reduces the energy of the system in just 1.5 kcal/mol, which explains the abrupt decreasing in the binding energy of the clusters from nϭ6 to nϭ7 and indicates that this new H 2 molecule should occupy a new shell. In the case of the Na ϩ core, bringing any of the first seven H 2 molecules always reduces the energy of the system in 2 kcal/mol, and the abrupt reduction in the binding energy is due to the increasing of energy caused by the deformation of the nϭ6 cluster to lodge the seventh H 2 molecule. Hence, for the Na case we may conclude that the the seventh H 2 does not occupy a new shell.
Since the bonding of the H 2 units to the X ϩ core is basically electrostatic, one should expect more charge migration from the H 2 units as closer these units are from the core. Of course, this difference in charge migration somehow should be reflected in the shape of the molecular orbital ͑MOs͒ made up from contributions of H 2 units belonging to different shells. For instance, in the case of the H 3 ϩ (H 2 ) n clusters we noticed that once the MOs were localized one could clearly distinguish the first from second shell H 2 molecules. 1 Apart from the lowest MO in energy, which is formed essentially from atomic orbital ͑AOs͒ of the H 3 ϩ core, the next three innermost MOs are formed from AOs of the core and the ones from the first shell H 2 units, one at a time. The orbitals higher in energy, formed essentially from AOs of the second shell H 2 units, are very similar to the g MO of the isolated H 2 molecule. In the present case, this criterium can also be used to distinguish the first from the second shell H 2 geometry. This structure could be the global minimum for nϭ8 and in this case the eight H 2 units would be distributes spherically on the first shell. Preliminary tests performed at a lower level of calculation indicate that even starting from the square biprismatic structure, the geometry converges to a cluster with two H 2 units in the second shell.
C. The effects of the cation in the H 2 environment
We started by assuming that the general effect of the presence of a X ϩ alkaline atomic cation in a molecular hydrogen atmosphere was the cluster formation following Eq. ͑3.1͒. The size of the cluster should be determined by the attractive Coulombian field from the core as well as the H 2 -H 2 interactions and temperature effects. At distances large enough from the core, the attractive effect becomes lower than the others and the H 2 units in these regions have enough translational freedom to move away from the center of the cluster. As the cluster size is increased, the H 2 -H 2 interaction undergone by any given H 2 unit of the cluster may become as important as its interaction with the X ϩ core. In fact, the ionization potential ͑IP͒ as well as the harmonic frequencies associated to the H 2 units show this screening effect. For all the X ϩ cores considered, the IPs are larger than the one for an isolated H 2 molecule, as a result of the positively charged core. However, as the size of the cluster increases, the IP values tend asymptotically to that one of the free molecule ͓Fig. 3͑a͔͒. Note that the lower stability of the X ϩ ͑H 2 ͒ 5 clusters and the shell effects are also reflected in the IP values.
In the case of the harmonic frequencies, the attractive potential of the core reduces the electronic density between the H 2 nuclei, increasing the H-H distance and leading to a redshift of the frequencies associated to the H 2 units, as compared to the frequency of the free H 2 molecule. For example, the higher H 2 stretching frequency in the cluster which is ploted against the cluster size n in Fig. 3͑b͒ is lower than the free H 2 stretching frequency, but as the size of the cluster increases that frequency approaches asymptotically those of the free molecule. The fact that the asymptotic value reached by the stretching frequency is still lower than the one of an isolated H 2 indicates that the H 2 units are not as free as in the gas-phase, in agreement with our expectancy about the behavior of the H 2 molecules attached to the cluster.
